We have previously shown that Interleukin-21, a pleiotropic C γ-chain signaling cytokine, induces the expression of the cytotoxic molecules granzyme B (GrB) and perforin in vitro in CD8 T cells and NK cells of chronically HIV infected individuals. In this pilot study, four chronically SIV infected Rhesus macaques (RM) in late-stage disease were given two doses of recombinant MamuIL-21, 50μg/kg, intravenously 7 days apart, followed by one subcutaneous dose, 100μg/kg, 23 days after the second dose. Three animals served as controls. After each dose of IL-21, increases were noted in frequency and mean fluorescence intensity of GrB and perforin expression in memory and effector subsets of CD8 T cells in peripheral blood (PB), in peripheral and mesenteric lymph node (LN) cells, in PB memory and effector CD4 T cells and in NK cells. Frequencies of SIV-gag specific CD107a + IFNγ + CD8 increased 3.8 fold in PB and 1.8 fold in LN. In addition, PB CD27 + memory B cells were 2 fold higher and serum SIV antibodies increased significantly after IL-21 administration. No changes were observed in markers of T cell activation, T cell proliferation or plasma virus load. Thus, administration of IL-21 to chronically SIV infected viremic animals was safe, well tolerated and could augment the cytotoxic potential of T cells and NK cells, promote B cell differentiation with increases in SIV antibody titers without discernable increase in cellular activation. Further studies are warranted to elucidate the effects and potential benefit of IL-21 administration in the context of SIV/HIV infection and in HIV/SIV vaccine design.
Interleukin-21 administration to Rhesus macaques chronically infected with Simian Immunodeficiency Virus increases cytotoxic effector molecules in T cells and NK cells and enhances B cell function without increasing immune activation or viral replication Introduction
Interleukin (IL)-21 is a member of a family of cytokines which includes IL-2, IL-4, IL-7, IL-9 and IL-15 all of which utilize a common γ chain in their individual receptor complexes for delivering intracellular signals in their target cells. IL-21 is produced by CD4+ T cells, in particular T follicular helper cells, Th17 cells and NK cells. It is involved in the regulation of both innate and adaptive immunity [1, 2] , due to the wide range of cellular targets that express the IL-21 receptor (IL-21R), namely B cells, T cells, Natural killer (NK) cells, NKT cells, dendritic cells, macrophages, keratinocytes and intestinal fibroblasts. There is compelling evidence for a critical role of IL-21 in protection against lymphocytic choriomeningitis virus (LCMV) infection of mice [3] [4] [5] . Higher levels of IL-21 produced by virus-specific CD4 T cells were demonstrated to be critical for sustaining antiviral effector functions of CD8 + T cells without the cells becoming exhausted.
Recent ex vivo studies have demonstrated that IL-21 is also an important contributor for the control of HIV in patients identified as natural viral controllers [6, 7] . While correlates of immune protection in HIV infection are not well understood, cytotoxic T cells [8] [9] [10] and more recently, NK cells have been shown to play important roles in virologic control [11, 12] . The pore-forming protein perforin, together with granzyme, constitute key cytotoxic effector molecules that transmit cell death signals [13, 14] to virus infected target cells. [8, 9, 15] . In HIV infection, expression of perforin is abundant in antigen specific CD8 T cells of long term non progressors but deficient in chronic progressors and the killing of HIV infected CD4 T cells is directly linked to expression of cytotoxic molecules [10, 16, 17] . We have previously shown that perforin expression is augmented in CD8 T cells [18] and NK cells [19] of HIV infected persons following ex-vivo treatment of the cells with IL-21.
Based on the above findings we conducted a pilot study of recombinant MamuIL-21 in Rhesus macaques (RM) to determine IL-21 safety and activity. IL-21 was safe, and demonstrated biologic activity with increase in cytotoxic molecules in CD8 T cells and NK cells. It was also associated with an amplified frequency of circulating memory B cells and a modest increase in serum SIV antibody titers.
Materials and Methods

Animals
Seven colony-bred Indian RM infected intrarectally with SIVmac251 for periods greater than 6 months were housed at Advanced BioScience Laboratories, Inc. These animals were highly viremic with mean plasma viral loads (VL) of 5.5 ± 1.4 log 10 (range, 2.7-6.9) SIV RNA copies/ml [20, 21] . Two healthy RM housed at the Yerkes National Primate Research Center were used as uninfected controls to measure IL-21 bioactivity in the absence of SIV infection. The care and use of all animals were in compliance with the National Institutes of Health-and relevant institutional guidelines. SIV infected animals were euthanized upon completion of this study.
Production and testing of rMamu IL-21
rMamuIL-21 was produced in the E coli BL21 codon+ (Novagen, Madison, WI) using the pET32a vector system similar to the production of IL-15 described previously [22, 23] by the Resource for Nonhuman Primate Immune Reagents. All batches of IL-21 were tested for the presence of residual endotoxin and purified. Content and bioactivity of the cytokine batches were verified by EIA (B-D antibody pairs J148-1134 and I76-539), its capacity to upregulate perforin expression in vitro and by administration to healthy RM.
IL-21 administration
SIV infected RM were randomized based on gender and viral load into the IL-21 arm, (group 1, n = 4, M897; 5yrs, P004; 5yrs, P005; 5 yrs, and P046; 7yrs) and the control arm, (group 2, n = 3, M893; 5yrs, M905; 5yrs, and P003; 5yrs). Animals in group 1 were given rMamuIL-21 in a manner aimed at maximizing its biological effect based on administration of other recombinant cytokines [23] [24] [25] . Two intravenous (i.v.) doses of rMamu IL 21, 50μg/kg given 7 days apart were followed by a third s.c. dose of 100μg/kg 23 days after the 2 nd dose ( Fig 1A) . Animals were sacrificed five days after the third IL-21dose. PB, serum and plasma were collected at baseline and at three days after 1 st and 2 nd doses of IL-21 and five days after 3 rd dose of IL-21. Peripheral LN biopsies were collected at baseline and 3 days after the 2 nd dose of IL-21, while mesenteric lymph node (mesLN) and another peripheral LN were collected when animals at sacrifice, 5 days after the third dose of IL-21. The two healthy monkeys were given subcutaneous (s.c.) injections of IL-21 at escalating doses of 1, 10, 50 and 100 μg/kg body weight at 2 week intervals. After each IL-21 administration, complete blood count, chemistry profile and plasma anti-IL-21 antibodies were monitored. Peripheral blood was collected at baseline before administration of each IL-21 dose, and 48 hrs after IL-21 administration.
Virus load determination
Plasma SIVmac251 RNA levels were measured by nucleic acid sequence based amplification (NASBA) technique [26] . The copy number was expressed per 100 μl of plasma or per microgram of RNA, and the detection limit of the assay was 2 × 10 3 RNA copies.
Cell preparations
Fresh PBMC were isolated using standard density gradient centrifugation method using Ficoll Paque (GE health care biosciences, SE). In some instances PBMC were cryopreserved in 10% DMSO and 90% fetal calf serum in liquid nitrogen for immunologic studies. Immunologic analyses were conducted in freshly isolated PBMC or in cryopreserved cells as indicated. Thawed cryopreserved cells were rested for 12 hrs at 37°C and 5% CO2 and 100% humidity prior to using them for assays. Cell recovery was >80% and viability was >95% in all instances. The cells were stained with fluorochrome tagged monoclonal antibody (mAb) reagents for surface antigens and with the amine reactive violet dead cell discriminator dye (ViViD) for 20 min at room temperature in the dark. For intracellular staining, surface stained cells were washed, fixed and permeabilized for 20 min in BD cytofix/cytoperm solution stained for 30 min at 4°C for intracellular perforin and granzyme B (GrB) [27] . Intracellular staining for proliferation marker Ki67 was performed at room temperature for 30 min. Isotype Ab staining was performed along with test Abs to minimize the errors due to nonspecific binding.
Flow cytometry analysis
Samples processed as above were acquired on a LSRII flow cytometer (BD Biosciences, San Jose, CA). Flow cytometry analysis was performed after proper instrument setting, calibration and compensation to minimize and correct the spillover induced background [28, 29] . Forward scatter (FSC)-width versus FSC-height parameters were used to exclude cell doublets followed by exclusion of dead cells stained by ViViD dye; 200,000-500,000 events were collected and analyzed using FlowJo software (TreeStar, San Carlos, CA).
Staining cells for T cell phenotype analysis, immune activation and proliferation by flow cytometry
One million PBMC were washed and surface stained with antibodies against CD3, CD4, CD8, CD28, CD95 and HLA-DR followed by intracellular staining for Ki67. T cell maturation subsets were identified in gated CD3 + CD4 T cells and CD3 + CD8 T cells based on the surface expression of CD28 and CD95 as naïve (T N : CD28 + CD95 − ), central memory (T CM : CD28 + CD95 + ) and effector memory (T EM : CD28 − CD95 + ). Expression of proliferation marker Ki67 and activation marker HLA-DR were analyzed in CD4 and CD8 T cells and on maturation subsets based on isotype gating.
Perforin and GrB analysis
Perforin and GrB staining was performed using macaque specific antibodies [30, 31] in PBMC or lymph node (LN) cells with antibodies to CD3, CD4, CD8, CD28 and CD95, NKG2A followed by intracellular staining for perforin and GrB. Flow cytometry analysis was carried out for the expression of perforin and GrB in CD4 and CD8 T cells and their maturation subsets and NK cells (CD3 − CD8 + NKG2A + ) based on isotype gating.
Functional T cell analysis
Cells were examined for intracellular expression of degranulation marker CD107a, and cytokines IFN-γ, IL-2 and TNF-α for polyfunctional T cells [27] . Briefly, one million PBMC were washed and incubated with 1 μg/ml each anti-CD28 and anti-CD49d mAb and pooled overlapping SIV Gag peptides (2 μg/ml of each) in a final volume of one ml. Ab against granular membrane protein CD107a was added to the cells before stimulation. A negative control with the addition of only anti-CD28 and anti-CD49d mAb, and a positive control of staphylococcal enterotoxin B (SEB) at 2 μg/ml were included. Cultures were incubated for 6 h at 37°C in 5% CO 2 in the presence of the secretion inhibitor monensin, 0.7 μl/ml, and brefeldin A, 10 μg/ml. Thereafter, PBMC were washed, surface stained with mAb for CD3, CD4, CD8 and ViViD, permeabilized using BD cytofix/cyotperm for 20 min at 4°C, stained with mAbs for intracellular cytokines for 30 min at 4°C and resuspended in 1% paraformaldehyde in PBS for flow cytometry. Boolean gate analysis was performed using the FlowJo platform to identify cells with one or more functions (CD107a, IFN-γ, IL-2 and TNF-α) in CD4 and CD8 T cells. SPICE (Simplified Presentation of Incredibly Complex Evaluations, Version 5.05013, courtesy of Mario Roederer, Vaccine Research Center, NIAID, NIH) was used to depict the polyfunctional T cell data obtained after Boolean gating.
Phenotypic analysis of B cells
PBMC (1×10 6 cells) were stained with antibodies against CD3, CD20, CD27, IL-21R or isotype antibodies and ViViD dye for flow cytometry. B cells were identified as CD3 − CD20 + cells and were further characterized based on the expression of CD27 as memory (CD20 + CD27 + ) and naïve (CD20 + CD27 − ) subsets [32] . Total, naïve and memory B cells were further analyzed for the expression of IL-21R based on gating performed on isotype controls.
Anti-SIV antibody detection by ConA ELISA
Serum samples from IL-21 treated and control macaques were analyzed for their reactivity to viral antigens in a concanavalin A (ConA) ELISA [33] . Briefly, 96-well plates were coated with 5 μg of ConA for 1 hr, washed and incubated with the viral supernatant which is first incubated with triton detergent. After blocking, sera at different dilution were added to the wells and incubated for 1 hr at room temperature. The plates were washed and anti-SIV IgG Ab was detected using after incubating 20 min with anti-human IgG biotin/Streptavidin HRP.
Statistical analysis
Statistical analysis was performed with the GraphPad Prism 4.01. Differences between preand post-treatment values were assessed with a paired 2-tailed Student's t test. Comparisons between different groups of animals (IL-21 treated versus control animals) were made using an unpaired, 2-tailed Student's t test. P values less than 0.05 were considered significant.
Results
IL-21 was safe and biologically active in healthy RM
Doses of rMamu IL-21 up to 100μg/kg body weight were well tolerated in the two healthy SIV uninfected RM without evidence of dose limiting toxicities other than modest increases in serum liver enzymes that did not appear to correlate with IL-21 doses (Table S1 ). No major effects on the absolute numbers and/or frequencies of CD4, CD8, NK and B cells were noted. Biological activity was documented at all four doses -1, 10, 50 and 100 μg/kg, as shown in Fig S1, with transient induction of Ki67, Perforin and GrB in CD8 T cells and increases in CD27 + memory B cells and IL21R + B cells. Among CD8 T cell maturation subsets, maximum induction of perforin was noted predominantly in T EM and GrB in T N , T CM and T EM (data not shown). Of note, there were only minor differences in the induction of cytotoxic molecules between the 10 and 100 μg/kg doses suggesting maximal effect for these parameters in healthy monkeys. Expression of immune activation marker HLA-DR on T cells was unchanged (not shown). Based on these data, a maximum tolerated dose was not established and doses of 50 and 100μg/kg IL-21 were considered safe and inducing maximal upregulation of cytotoxic molecules in healthy macaques.
T cells, B cells, NK cells numbers, plasma virus load and T cell immune activation profile were unchanged after IL-21 administration in SIV infected RM
IL-21 administration to SIV infected macaques did not result in significant changes in the absolute numbers of PB CD4T cells ( Fig 1B) , CD8 T cells ( Fig 1C) , CD20 + B cells ( Fig 1D) and CD8 + NKG2A + NK cells ( Fig 1E) . Similarly, frequencies of CD4 and CD8 T cell maturation subsets (T N , T CM and T EM ) did not show appreciable changes after IL-21 administration when compared to baseline levels ( Fig 1F & 1G ) or control animals (not shown). IL-21 administration did not alter the plasma SIV RNA ( Fig S2) and did not result in increases in immune activation markers HLA-DR or Ki67 in CD4 and CD8 T cells and their maturation subsets in PB, peripheral LN and mesLN in comparison to baseline levels or control animals (not shown).
IL-21 administration in SIV infected viremic RM results in induction of GrB and perforin in T cells
As shown in Figs 2A and 2B, IL-21 treated animals manifested significant increases in the absolute numbers of GrB and perforin expressing CD8 T cells respectively in PB with maximal increases after the third IL-21 dose. Increases in GrB occurred in all CD8 T cell maturation subsets (T N, T CM and T EM ), predominantly after the 3 rd dose of IL-21. Perforin expressing CD8 T cells increased after each IL-21 dose in T CM and T EM , but as expected not in T N . Interestingly, PB CD4 T cells also exhibited increases in absolute numbers of GrB ( Fig 2C) and perforin ( Fig 2D) positive cells after each IL-21 dose. Increase in GrB + cells occurred in all CD4 T cell maturation subsets ( Fig 2C) and a significant increase was noted in in perforin expressing CD4 T CM subset ( Fig 2D) . Representative dot plot analyses for CD4 and CD8 T cells and maturation subsets for perforin and GrB are depicted in Fig  S3. The MFI of GrB was higher in total CD8 and CD4 T cells and in their maturation subsets with maximum MFI after the third dose of IL-21 (data not shown). MFI of perforin was higher in PB CD8 T cells of IL-21 treated animals compared to controls (data not shown).
The increase in frequencies of GrB and perforin positive cells was also evident in LN T cells ( Fig 3A) . In peripheral LN, IL-21 treated animals manifested significant increases from baseline in frequency of GrB expressing cells (2.8 fold in CD8 T cells and 5 fold in CD4 T cells). These changes were most evident after the 3 rd 100 μg/kg dose of IL-21, suggesting either compartmentalization of such responders relative to blood and/or the need for a higher dose to generate noticeable LN enhancement by IL-21 in SIV infected and viremic macaques. Among CD8 T cell maturation subsets, significant increases from baseline were noted in GrB + T CM and T EM cells ( Fig 3B) , and in GrB + CD4 T CM (Fig 3C) . Compared to GrB, the increase in frequency of perforin positive CD8 and CD4 T cells in peripheral LN was less prominent (CD8, 1.5 fold and CD4, 2.1 fold) and did not reach significance (data not shown). In mesLN collected after the 3 rd dose of IL-21, increase in frequency of GrB positive cells was 1.8 fold in total CD8 T cells, 5.5 fold in T CM and 1.4 fold in T EM subsets compared to untreated SIV infected control animals ( Fig S4) . In IL-21 treated versus control animals increase in frequencies of perforin positive mesLN CD8 T cells was 1.5 fold (17.8 ± 2.1% versus 13.3 ± 1.2%, p=0.03) with a 1.6 fold increase in T EM , data not shown.
Dual function positive SIV-specific IFN-γ plus CD107a expressing cells are moderately augmented by IL-21 administration
One or more of the following functions: CD107a (degranulation marker), or cytokines IL-2, IFN-γ and TNF-α were examined following ex-vivo stimulation of PBMC/LN cells with SIV gag pool for 6 hrs (Fig 4A) . At baseline, only single SIV specific functional cells were detected in the following order of frequency: CD107a> IFN-γ > TNF-α >IL-2. Data for cells positive for more than one function is depicted in fig 4B. Following IL-21 treatment, significant increases were noted in SIV-specific polyfunctional SIV-specific CD8 T cells with dual function (CD107a + IFN-γ + ) in PB and LN. A slightly higher frequency of SIV specific CD107a + IFN-γ + TNF-α + triple function cells were observed but the change was not significant. There was no induction of T cells with 4 functions ( Fig 4B) . In PB, after the 3 rd dose of IL-21, a 3.8 fold increase in mean frequencies of SIV-specific CD107a+IFN-γ + CD8 T cells was noted compared to baseline levels ( Fig 4C) . CD8 T cells from peripheral LN also showed an increase in SIV-specific CD107a + IFN-γ + cells after the 3 rd dose of IL-21 compared to baseline levels (1.8 fold; Fig 4D) or as compared to control animals (2.3 fold; p<0.01). SIV-specific CD4 T cells in PB ( Fig 4E) and in peripheral LN ( Fig 4F) also showed a significant increase in the frequencies of CD107a + IFN-γ + cells after the third dose of IL-21 compared to baseline levels or control animals.
IL-21 administration enhances cytotoxic molecules in NK cells
In addition to T cells, NK cells in PB also showed an increased numbers of GrB ( Fig 5A) and perforin ( Fig 5B) expressing cells as compared to baseline levels or control animals, with maximum increase after the third dose of IL-21. The observed increase in perforin and GrB in NK cells after IL-21 administration occurred in the absence of changes in numbers or activation state of NK cells (data not shown).
IL-21 administration increases the frequencies of CD27 + memory B cells in SIV infected RM
Compared to baseline levels and control animals, a significant increase in numbers of memory B cells (CD20 + CD27 + ) in PB and LN were noted after the 2 nd and 3 rd IL-21 doses. Moreover, both CD27 + memory ( Fig 6B) and CD27 negative naïve B cells ( Fig 6C) upregulated IL-21R expression after IL-21 administration. In addition to PB, peripheral LN also showed an increase in CD27 + memory B cells with increased expression of IL-21R (not shown).
IL-21 administration led to increases in anti-SIV antibodies
Since IL-21 is known for enhancing B cell function [34] , and since we had observed an increase in CD27 + memory B cells along with increase in frequency of IL-21R expression, we measured anti SIV antibodies in serum. Compared to baseline levels, significantly higher mean OD values for anti-SIV antibodies were observed after the 3 rd dose of IL-21 (p=0.02, Fig 6D) . Control animals did not show changes in the anti-SIV antibody levels ( Fig 6E) .
Discussion
Several cytokines have been investigated in HIV/SIV infection for potential use as immunotherapeutic modalities or as vaccine adjuvants [22, 23, 25, [35] [36] [37] [38] [39] [40] . We are reporting the first administration of IL-21 in vivo in chronically SIV infected RM demonstrating safety and biologic activity of IL-21. Even at late stages of SIV infection, this cytokine was well tolerated up to the highest dose tested of 100 μg/kg body weight, and rapidly enhanced the expression of cytotoxic molecules perforin and GrB in T cells and NK cells within 72 hours of each dose. Additionally, increases in SIV antigen stimulated CD107 + IFN-γ + dual function T cells and of resting memory B cell pool were noted, with modest increase in anti-SIV antibody levels. Importantly, unlike IL-2, IL-7 and IL-15, members of the cytokine family that signal via the common γ-chain, IL-21 did not lead to measurable immune activation or enhanced plasma viremia, in the absence of ART. This activity of IL-21 in RM chronically infected with SIV confirms and extends prior observations of ex-vivo IL-21 activity [6, 7, 18, 19, 41] and underscores the need for further studies to evaluate the full range of IL-21 effects.
CD8 T cells and NK cells are believed to play an important role in control of viremia in HIV/SIV infection through the upregulation of cytotoxic molecules perforin and GrB [8] [9] [10] [11] [12] . We observed an increase in the GrB and perforin expression in CD8 T cells in PB and peripheral LN and mesLN after IL-21 administration in healthy and SIV infected animals. In addition, an increase in GrB and perforin was observed in NK cells of IL-21 treated animals. This property of IL-21 is appealing as qualitative defects in CTL have been attributed to reduced perforin in total and HIV specific CD8 T cells in patients who are on highly active antiretroviral therapy (HAART) [42] [43] [44] . The ability of ex-vivo treatment with rIL-21 to induce cytotoxic molecules GrB and perforin in CD8 T cells [18] and NK cells [19] of HIV infected persons was first documented by us and we recently extended these studies to show potential mechanisms of IL-21 activity and induction of antiviral activity in purified sorted T cells of healthy donors [45] . Several reports now ascribe an important role to this cytokine and to HIV-specific IL-21 producing CD4 T cells in virus control in HIV infected patients [6, 7, 41, 46, 47] . These findings parallel the role of IL-21 in controlling chronic LCMV infection by sustaining the antiviral effector functions of CD8 T cells and protecting them from undergoing cellular exhaustion [3] [4] [5] .
In the studies reported here, the maximum induction of Perforin and GrB occurred in CD8 T EM and T CM subsets. Interestingly in our studies the effect of IL-21 on T cells was restricted to CD8 T cells in healthy RM but was more widespread in SIV infected animals, involving CD4 T EM and T CM T cells in PB and LN. Moreover, even a fraction of T N cells exhibited increased GrB expression, which could be a consequence of generalized immune activation, even though the same subsets generally failed to express perforin. These data are consistent with our prior studies showing that a state of inherent immune activation enhances the activity of IL-21 which by itself is unable to induce cellular activation [18, 45] . Of note though, perforin and GrB upregulation in T and NK cells required markedly more IL-21 in SIV infected monkeys that in uninfected controls, suggesting decreased capacity to respond or higher threshold needed following infection, similar to the observations with IL-15 therapy [25] , suggesting a new form of immune impairment during chronic lentivirus infection. This lowered response potential may however not be uniform as B cell responses were observed after the initial IL-21 dose in SIV infected monkeys, although a clear dose response remains to be performed in the context of SIV infection. Polyfunctional T cells, considered to mediate antiviral activity were not detectable in these SIV infected animals before IL-21 injections and did not get significantly induced with IL-21. Instead, post IL-21, frequencies of dual positive SIV gag specific CD107a + IFN-γ + T cells were increased; these properties, together with perforin and GrB induction could potentially lead to heightened T cell cytotoxic activity. Importantly, anti-IL-21 antibodies which could potentially mask the actual effect of IL-21were not detected in SIV infected RM (data not shown).
Despite the apparent augmentation in the frequency of T cells with cytotoxic molecules, plasma VL did not decrease; this was not unexpected as the animals had been infected for more than 6 months, had minimal polyfunctional T cells, and it is not known if they also had preexisting virus escape mutations making them non-responsive to CTL [48, 49] . A reduction in virus load in chronically infected animals with single cytokine treatment alone would be an unrealistic expectation, and no reduction in virus load has been previously noted following administration of common γ-chain cytokines, notably IL-7 [35, 37] , IL-2 [23] and IL-15 [22, 23, 25] . Even IL-12 could not suppress VL in SIV infected RM [50, 51] despite clear increases in frequency of long-lived effector memory CD8 T cells [25] . This outcome may be the effect of translation of opposing forces, driving viral replication while improving control, or simply that the magnitude of the increase in antiviral response is insufficient for an effect to be detected. It has been reported that in HIV infection, disease progression does not solely depend on VL, and we did not follow the animals long enough to address this issue [52, 53] . IL-21 administation was associated with an increase in the frequencies of CD27 + memory B cells with upregulation of IL-21R on both CD27 + memory and CD27 negative naïve B cells. The role of IL-21 in promoting B cell differentiation and development of memory B cells is well established [34, [54] [55] [56] [57] and it is known to be a critical regulator of B cell responses [34, 58] . It enhances T-dependent B cell proliferation, and promotes isotype switching and differentiation of B cells into plasma cells [34, 59, 60] . HIV and SIV infection lead to a state of intense B cell activation which alters frequency of the maturational B cell subsets due to expansion of transitional and activated B cells with reduction in memory B cells, which are important contributors to antibody responses [61, 62] . Improvement in the survival and function of immune cells including B cells by immunotherapeutic approaches are desirable objectives in control of HIV. The increase in anti-SIV antibodies in serum of IL-21 treated animals are suggestive of biologic activity on the B cell populations and are worthy of attention in future studies.
Despite the modest number of animals tested, the overall results of the present study in RM suggest that IL-21 can not only increase the cytotoxic property of T and NK cells but can also improve B cell survival and augment antibody responses. In a study by Bolesta et al [63] , treatment of mice with an expression vector for either IL-21 alone or in combination with an IL-15 expression vector enhanced both cellular and humoral immune response to a HIV-1 Env DNA vaccine. Similar observations have been made when IL-21 has been coexpressed with DNA vaccines encoding glycoprotein B of herpes simplex virus (HSV)-1 [64] or tuberculosis antigens [65] . In humans, the safety of IL-21 has been established in Phase II trials of patients with renal cell carcinoma and metastatic melanoma, with evidence for improved anti-tumor CD8 T cell responses in IL-21 treated patients [66] [67] [68] . In these studies IL-21 administration has resulted in increases in mRNA for IFN-γ, perforin, and GrB in CD8 T cells and NK cells [66, 67] . Together, the data support the need to further explore the properties of IL-21 in well controlled experimental models of HIV/ SIV infection in early and chronic stages in conjunction with ART and also in SIV/HIV vaccine or immunotherapeutic strategies. 
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Figure 2. Granzyme B and perforin induction in PB CD8 T cells and CD4 T cells after IL-21 administration in SIV infected RM
One million cells were stained with antibodies against CD3, CD4, CD8, CD95, CD28 and ViViD, fixed, permeabilized and stained for intracellular GrB and perforin. CD3 + T cells were gated from singlets followed by gating for CD4 and CD8 T cells. T cell maturation subsets were identified based on the surface expression of CD28 and CD95 as naïve (T N : 
